A review of preceramic polymer chemistry is given. Preceramic polymers are needed because of high technology applications which arose in our aerospace age. A discussion of the early work in Germany and Japan leads to an enumeration of the requirements that must be met if a polymer is to be a useful precursor in pyrolytic ceramic synthesis. Seven current research directions in preceramic polymer chemistry are discussed and the at present uncertain future of preceramic polymer' technology is pointed out.
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ABSTRACT (Max#mum 200 wO•(]S)
A review of preceramic polymer chemistry is given.
Preceramic polymers are needed because of high technology applications which arose in our aerospace age.
• discussion of the early work in Germany and Japan leads to an enumeration of the requirements that must be met if a polymer is to be a useful precursor in pyrolytic ceramic synthesis.
Seven current research directions in preceramic polymer chemistry are discussed and the at present uncertain future of preceramlc polymer technology is pointed out. composites, their superior strength and thermal stability, had already been recognized (3, 4) , but, of course, their facile oxidation at higher temperatures in air was a serious flaw. It was expected that replacing the-carbon fibers with appropriate ceramic fibers and the carbon matrix with a ceramic matrix would give a composite with greatly superior properties, one that would be stable to high temperature oxidation and that would meet the requirements of the aerospace age (5). This required the availability of a polymer that could be spun into fibers whose subsequent pyrolysis gives the needed ceramic fibers. Because of their superior high temperature properties, silicon carbide (6, 7) and silicon nitride (8, 9) were of immediate interest in this application and, as a result, the initial focus was on organosilicon and inorganic silicon polymers. For such polymers, which could serve as useful precursors, through their pyrolysis, to ceramics, the term "preceramic polymers" was applied (10) . In this application, the ceramic matrix also could be a product of polymer pyrolysis and the use of ceramic fibers as reinforcing materials in metal, glass and organic polymer matrix composites also is possible.
While the use of preceramic polymers in the fabrication of fiber-reinforced composites has aroused the greatest interest, other applications were recognized: as precursors for high temperature oxidation-and corrosion-resistant ceramic coatings for structural parts fabricated from carbon/carbon composites or from reactive metals or metallic alloys; as coatings for carbon and ceramic fibers designed to give the proper fiber/matrix interaction; as low-loss binders for use in conventional fabrication of parts from ceramic powders. In the latter application, the preceramic polymer would replace the organic polymers heretofore used as binders, hopefully resulting in a stronger part that is much freer of defects since the binder would not have to be pyrolyzed out completely, but rather for the most part would be converted to ceramic.
These are just the most obvious applications of preceramic polymers. The fact that they may be processed by conventional polymer processing techniques presents opportunities for other applications as well: for their use in ceramic/ceramic and ceramic/metal joining, in the preparation of ceramic foams and membranes, to mention just a few.
B. Early Developments.
The results of two early research and development efforts, one in Germany, the other in Japan, serve to define the new field of preceramic polymer chemistry. In the laboratories of Bayer AG, Verbeek (11) used the known (12) reaction of methyltrichlorosilane with methylamine to produce CH 3 Si(NHCH 3 ) 3 . This product had been shown to undergo condensation with loss of methylamine when heated in the presence of H2SO4, giving a bicyclic silazane, 1 (13). Verbeek found that flow thermolysis of CH 3 Si(NHCH 3 ) 3 at around 520"C through a Raschig ring-filled glass tube gave volatiles and a brittle, solid "carbosilazane resin" that was soluble in
organic solvents. It could be melt-spun at 220°C to give carbosilazane fibers. Before pyrolysis of the green fibers, it was necessary to render them infusible, and this was accomplished by heating them in moist air at 110"C for 20 h. Subsequent pyrolysis in nitrogen to 1500"C gave black, glistening, amorphous ceramic fibers in 45 wt % yield. When they were heated to 1800°C, crystalline material, mostly P3-SiC and a little ot-SiC and P3-Si 3 N 4 , was obtained. A detailed study of this carbosilazane preparation and pyrolysis was published by Penn et al. (14) . 
suggested in a review (15) . However, the "structure" of the polymer must be more complex than this in view of the well-known thermal lability of the Si-N bond.
In a variation of this procedure, Winter, Verbeek and Mansmann (16) used ammonia in place of methylamine. In this case the product was a poly(methylsilazane) of type (CH 3 SiNi.5)n. (This reaction also had been reported previously (8) .) A concentrated solution of the ammonolysis product could be dryspun (using poly(ethylene oxide) as a spinning aid) to give polysilazane fibers. Their pyrolysis in a stream of nitrogen to 1200"C resulted in silicon carbonitride ceramic fibers. Recourse to the less desirable dry-spinning process was necessary because the polysilazane did not form a stable melt. Ceramic films and shaped ceramic bodies also were made using such polysilazane pyrolysis. These processes never were be melt-spun at 250 -350 C to give "green" polymer fibers. The pyrolysis of these fibers to ceramic fibers required another processing step: they had to be rendered infusible so that the fiber form would be retained. when they were pyrolyzed. Such "curing" of the green fibers could be effected by heating them in air between 110 - formed in the cure step and elemental carbon and SiC generate CO and SiO, both gases whose evolution in the interior causes significant damage. As a result, the mechanical strength of the fibers is lost.
A variation of the Nicalon polycarbosilane process was developed by Yajima and his coworkers. Heating a xylene solution of the polycarbosilane obtained by the route in which the poly(borodiphenylsiloxane) was used as catalyst with (n-C 4 HgO) 4 Ti (10 : 7 weight ratio) at 130°C for 1 h, removal of solvent and-heating of the residue at 220°C for 30 min gave a new titanium-containing, soluble, more highly crosslinked polymer (27) . Pyrolysis of this material in an inert gas stream to 1200°C gave an amorphous Si, Ti, C and 0-containing ceramic. Heating this material to 1700°C caused crystallization of 13-SiC and TiC phases. The ceramic yield, as expected, was higher (>70% vs -60%) than that obtained with the polycarbosilane that had not been crosslinked with the titanium alkoxide. Continuous Si/Ti/C/0-containing ceramic fibers could be prepared from this polymer (28) . These are made and marketed by Ube Industries Ltd. under the trade name Tyranno. A Young's modulus of 220 GPa was reported for these fibers. Their high temperature strength was found to be superior to that of Nicalon fibers.
IL REQUIREMENTS FOR A USEFUL PRECERAMIC POLYMER.
This brief discussion of the early preceramic polymer systems makes obvious some of the requirements that are important for the preparation of a useful preceramic polymer. These requirements are dictated by the intended application of the preceramic polymer and can vary from application to application. For instance, its use in the fabrication of ceramic fibers will require different properties than when its intended use is as a binder in ceramic powder processing. Thus the preceramic polymer must be "tailor-made" for successful use in the intended application. This requires close collaboration between the synthetic chemist, the ceramist, and the end-user. Successful preceramic polymer technology is an interdisciplinary effort. organic polymer technology, the final major step is the forming operation. In preceramic polymer chemistry, the shaped polymer (fiber, coating, matrix in a composite, binder in powder-derived part) must be pyrolyzed to the final ceramic. If the shape is to be retained (e.g., the fiber form), then the polymer must be infusible or rendered infusible or it will melt with loss of its shape. In the case of melt-spun fibers, a "cure" step is required, as has been noted in the discussion of both the Bayer carbosilazane resin and the Nicalon polycarbosilane. However, many preceramic polymers are "self-curing", i.e., they become infusible during the early stages of the pyrolysis without going through a melt stage and thus the shape is retained.
If a preceramic polymer is to be a useful one, first and foremost, it must be processable by conventional polymer processing techniques. For most applications it must be soluble, preferably in common organic solvents. If it is a solid, it should be fusible, forming a stable melt, if ceramic fibers are the goal, i.e., it should be melt- The preceramic polymer should be stable at room temperature. Specifically, it
should not undergo further crosslinking on storage that could lead to decreased solubility or even insolubility. It would help if it were stable to atmospheric moisture and oxygen, but that is not always possible (e.g., the example of the polysilazanes which are more or less readily hydrolyzed on exposure to air).
Another important requirement is that pyrolysis of the inorganic or organometallic preceramic polymer give as high a yield of ceramic residue as possible. Ceramic yields (= weight of ceramic residue x 100/weight of pyrolysis charge) of 60-75% are acceptable, but higher ceramic yields of 80% or greater are desirable. Most polymers that have an inorganic backbone contain substituents on some or all of the backbone atoms. These often are hydrogen atoms or organic groups, but they can be of other types. During the pyrolysis of the polymer these substituents may become incorporated into the ceramic residue or they may be eliminated in the form of volatile, low molecular weight compounds that escape as gaseous products at the high pyrolysis temperatures. Thus H and CH3 are preferred substituents since their loss will leave a high ceramic residue yield (if the backbone atoms are retained). The pyrolysis of a polymer may give the theoretical yield of a ceramic as represented by the backbone atoms, but if the ceramic yield is low because of the large contributing weight to the pyrolysis charge of rather heavy substituents that will end up as volatiles, then useful applications of the polymer may be questionable. The high ceramic residue yield is of importance not from economic considerations. Rather, a high ceramic yield means that the quantity of gases evolved during pyrolysis will be small. These gases can be very destructive, especially if they are released over a narrow temperature range, causing cracking or even rupture of the ceramic part. So the fewer evolved gases, the better from the point of view of "good" ceramics. Lower ceramic yields, however, can be tolerated if the porosity generated in the developing ceramic during the pyrolysis is of the right kind: open porosity that lets the pyrolysis gases escape. Also, the greater the weight loss of a preceramic polymer on pyrolysis, the greater will be the shrinkage of the residual body. However, shrinkage is unavoidable when a polymer is pyrolyzed to a ceramic since one is starting out with a material of low (1 g/cc or less) density and is forming a material of greater (2-3 g/cc) density.
The requirement of high ceramic yield on pyrolysis determines the nature of the polymer that will be satisfactory. Ideally, the polymer should already be crosslinked (but not to the point of insolubility). More importantly, whether crosslinked or not, it should undergo extensive crosslinking during the early stages of the pyrolysis so that evolution of volatiles is minimized and the elements of interest are retained in the hot zone. To accomplish this, the polymer must contain reactive functionality ("latent functionality" in the words of Wynne and Rice (10)) that on heating will react rapidly to cause the needed further crosslinking. The design of a useful preceramic polymer thus requires the introduction of reactive functional groups in the monomer and/or, later, in the polymer so that the initial stage of the pyrolysis results in formation of a highly crosslinked, nonvolatile, probably insoluble network, hence in a high ceramic residue yield.
Another important requirement is that the polymer have the right rheological properties for the intended application. This is an important consideration when melt-spinnable fibers are desired, when thick or thin film coatings are to be prepared and when the preceramic polymer is to be used as a binder for ceramic powder formulations for injection or compression molding. In this connection, the ability to control the molecular weight of the polymer is important. A given molecular weight range will give rheological properties that may be satisfactory for one application but not for another. There are, however, more and more synthetic efforts aimed at preparation of preceramic polymer systems where "what you get" on pyrolysis is really what you want or need. Some of these efforts are directed at the preparation of polymeric precursor systems whose pyrolysis will give single-phase ceramic products. There are several ways of accomplishing this, as will be described below. However, this does not mean that ceramic products consisting of more than one phase are not useful. Quite the contrary: mixed phases are of some interest and utility and we shall return to this point later on.
In the case of pure, non-oxide silicon ceramics, the target ceramics are silicon carbide, SiC, and silicon nitride, Si 3 N 4 . However, in most cases, pyrolysis of a preceramic organosilicon polymer does not give anything approaching these pure ceramic phases. In most organosilicon polymers (e.g., the Nicalon polycarbosilane), the C:Si ratio is greater than 1. However, in the case of the preparation of SiC by polymer pyrolysis, one would like to achieve a 1:1 C: Si ratio in the ceramic or, at the most, SiC plus only a small amount of free carbon, since carbon is a sintering aid for SiC. With most preceramic organosilicon polymers, a substantial amount of free carbon remains in the final ceramic product after pyrolysis. At the least, a large amount of free carbon in the ceramic product will bring problems of high temperature oxidation. If there also is oxygen in the ceramic, introduced in the synthesis of the polymer or in its subsequent processing, the high temperature reactions with free carbon that generate gaseous CO cause serious problems. On the 13 other hand, an organosilicon polymer whose pyrolysis results in formation of substantial amounts of elemental silicon in addition to SiC also is unsatisfactory.
Such free silicon (mp 1414°C) would compromise the high temperature applications of the ceramic part.
A 1:1 C:Si ratio in the preceramic polymer does not guarantee that stoichiometric SiC will be produced in its pyrolysis since the pyrolysis chemistry might be such that one of these elements will be lost in part in the form of gaseous However, when the pyrolysis is carried out in a stream of ammonia, reaction of NH 3 , or of N 2 formed in its decomposition, with the elemental silicon converts this to Si 3 N 4 , so that a pure ceramic product is obtained.
This example illustrates the importance of the gas stream used in the pyrolysis of a preceramic polymer. Polymer pyrolysis usually is carried out in a furnace through which a gas is flowing. The gas stream serves two purposes: to protect the system from the atmosphere and to sweep away the volatiles produced in the pyrolysis. The gas used may be either an "inert" gas or a "reactive" gas. (51) . Thus, what we refer to as the "carbon kickout" reaction appears to be generally applicable in the preparation of nitride ceramics.
A single monomer is not necessarily required in order to obtain nearstoichiometric SiC. One may make use of the fact that elemental carbon and silicon react to give SiC, especially so if they are generated in situ as finely dispersed pyrolysis products. As mentioned above, most organosilicon polymers when In general, shaped ceramic parts are not fabricated by pyrolysis of a preceramic polymer alone because, as noted earlier, the shrinkage is enormous on going from the green polymer part to the final ceramic part. Furthermore, the ceramic part thus obtained is very porous and far from theoretical density, hence is not very strong.
Instead, the preceramic polymer is used as a low-loss binder for ceramic powders in disadvantage, which can be decisive with respect to-possible commercial application, is that using 100% polymer will (at least at the present time) be very expensive.
The problem of shrinkage when a preceramic polymer alone, or even a preceramic polymer/ceramic powder composite, is pyrolyzed has been addressed by Greil and Seibold (65, 66) . In a new approach that they call "active filler-controlled Different phases were obtained when the initial pyrolysis was carried out in ammonia to 800°C before continuing to 1500°C in argon. This approach could be extended to the preparation of ceramic/ceramic composites containing transition metal borides (e.g., TiB 2 , HfB 2 , CrB, CrB2, MoB, Mo2B, WB, W2B and LaB6) using the [B1oH12*(CH 3 ) 2 NCH 2 CH2N(CH 3 ) 2 ]n polymer as the boron source (67). In an interesting application of preceramic polymer chemistry, Gonsalves and his coworkers have prepared nanophase ceramic particles by pyrolysis of an aerosol of a liquid mixture of oligomeric cyclosilazanes, [CH 3 Si(H)NH]n (obtained by ammonolysis of CH 3 SiHC1 2 ) in a laser plume (68, 69) . As shown in Fig. 1 , the silazane precursor is injected into the plume of a high power CO 2 laser using an ultrasonic nozzle to generate the aerosol. Important features of this process are the (from Chem. Eng. News, Sept. 10, 1990 issue, p. 23) three-dimensional crosslinking and polycondensation reactions that result in ultrarapid condensation of molecular species from the laser plume. The nanosized silicon carbonitride particles that are produced can be rapidly condensed onto a laserheated substrate and sintered to form a deposited layer (Fig. 1) . In an alternate configuration, the nanoparticles of the ceramic may be collected for processing into bulk material. This process is capable of being scaled up and has great promise for the preparation of ceramic coatings and parts. oxygen-free, ceramic fibers had much greater tensile strength and Young's modulus compared to those of fibers which had been subjected to the usual air cure (71, 72) .
This very promising approach is receiving current attention in Japan.
A completely different approach to spinning of SiC fibers that also uses preceramic polymer is the "slurry spinning" method developed by workers at du Pont (73) . In this procedure, an ultrasonicated slurry containing a-or P-SiC, B 4 C as sintering aid, a dispersant, and 18.5% by wt of Nicalon polycarbosilane (as a binder)
in xylene was evaporated to a "toothpaste consistency', homogenized and then "spun" by extrusion through 4 mil holes and attenuated to a final diameter of 50 gm. Pyrolysis in argon then gave SiC fibers of ca 30 gm diameter that retain their room temperature properties after being heated for 120 h at 1500°C at room temperature. Apparently, with such SiC/polycarbosilane systems a cure step is not necessary.
F. Ceramics Containing Heteroelements Other Than Silicon via Polymer Pyrolysis.
Most of this discussion has focused on silicon-based preceramic polymers.
However, other ceramics have some of the superior properties of the type that materials scientists are seeking: boron nitride and carbide, aluminum nitride (more of interest for electronic applications), the early transition metal carbides, nitrides, borides and silicides, and there is growing research activity directed toward useful polymeric precursors for these materials. Precursors for boron nitride have received the greatest attention, with most work devoted to borazine-derived polymers A novel electrochemical preparation of a polymeric precursor for aluminum nitride was reported by German workers (80, 81) . In this process, metallic aluminum was dissolved anodically in a mixture of a primary amine and acetonitrile that contained a tetraalkylammonium salt as the supporting electrolyte.
A polymeric iminoalane gel was formed on removing the solvent and heating the residue to 150°C. Pyrolysis to 1100°C in ammonia removed RN substituents, giving crystalline AIN. Such electrochemically-generated precursor solutions could be used to prepare AIN coatings on SiC fibers (82) . The same type of poly(iminoalane) precursor, [HA1NPr-i] 6 , was prepared by reaction of isopropylamine with LiAIH 4 in refluxing heptane (83) . Pyrolysis to 1000"C in argon gave an amorphous, Al-and Ncontaining ceramic. Heating of this material to 1600"C caused crystallization of AIN.
G. Investigation of the Polymer Pyrolysis Process.
Also to be noted among the current research directions in preceramic polymer chemistry are the many studies aimed at gaining a better understanding of the polymer pyrolysis process and of the ceramic that is formed. This understanding is vital to the further progress of the field.
IV. THE FUTURE OF PRECERAMIC POLYMER CHEMISTRY?
These then are some of the current research directions. But where, one might ask, is the field of preceramic polymer chemistry and technology heading? Indeed, is it a viable field that has a future? The answer to these questions is not at al! clear at the present time.
As noted already, preceramic polymer chemistry is an area of applied polymer science/ceramic science. It is market-driven: the end-goal is a product. Preceramic polymer chemistry has been supported in the research laboratory and developed by industry because there were important potential commercial applications in sight.
In the middle-to-late 80s there was general enthusiasm for and ever-increasing R&D activity in this new field of polymer science and, more generally, in advanced ceramics, first in Japan, then in the USA, more recently in Europe. In the meantime, the picture has changed. Most of the immediate applications of preceramic polymers mentioned earlier in this article were in the area of aerospace, and a large fraction of the R&D activities in the USA received its major support from DOD, DOE'and NASA. In the time of big defense budgets that supported the development of evermore sophisticated and demanding (in terms of stresses to be tolerated) jet aircraft, space vehicles, missiles, etc., the future of advanced structural ceramics, and thus of the preceramic polymer field, seemed secure. Preceramic polymers were urgently needed and the activity in the field -chemistry and ceramics -grew rapidly, with many chemical companies initiating research in this new area. Now, however, defense budgets worldwide are getting smaller. Budget deficits lead to reductions in space-related activities. The National Aerospace Plane, to which much of the advanced structural ceramics technology would be applied, is in jeopardy. In short, the perceived market for preceramic polymers is shrinking.
Add to this the fact that the time required for development of a final product in the preceramic polymer technology area has turned out to be much longer than had been expected, so that R&D costs are very high. As a result, those companies whose vision is restricted to short-to-moderate term profitability that had ventured into the preceramic polymer/composite technology arc.a have dropped out again. Such departures from the scene of advanced structural ceramics have been a worldwide phenomenon during the last two years. The companies that still are active in this area now are much fewer in number and the future of the field is in their hands. In the United States, the Dow Corning Corporatior. is the major player remaining and this company has developed very promising polymeric precursors for silicon carbide and silicon nitride fibers and parts.
A hopeful sign is that government research agencies worldwide appear to recognize that the preceramic polymer/advanced ceramics technology is a vital one that is needed in continuing development of defense and aerospace programs in the twenty-first century, and that will be applicable also in other sectors such as transportation and energy. In the USA, various government agencies, including DOD, DOE, NASA and NSF, are sponsoring new R&D initiatives of various kinds in the advanced structural materials area, and are trying to involve academic, industrial, and the national laboratories in collaborative research, development and even manufacturing programs. It is of particular importance to seek and recognize opportunities in the non-defense, non-aerospace market, but to penetrate that market will require imagination and ingenuity, as well as further technical advances.
In these discussions, I have focused on the chemistry of preceramic polymers.
The success of a preceramic polymer will be measured by its utility in the production of useful materials -ceramics in most cases, but other materials as well (e.g., strengthened metal parts in the case of ceramic fiber-reinforced metal matrix composites). If the field of preceramic polymer chemistry is to flourish, "good" chemistry must be followed by "good" ceramics and "good" ceramics must ultimately give a "good" final product. To make this happen, the chemist must interact and collaborate with the ceramist/materials scientist and both must interact VI. LrrERATURE CITED
